The Toll-like receptor (TLR) family consists of phylogenetically conserved transmembrane proteins, which function as mediators of innate immunity for recognition of pathogen-derived ligands and subsequent cell activation via the Toll͞IL-1R signal pathway. Here, we show that human TLR9 (hTLR9) expression in human immune cells correlates with responsiveness to bacterial deoxycytidylate-phosphate-deoxyguanylate (CpG)-DNA. Notably ''gain of function'' to immunostimulatory CpG-DNA is achieved by expressing TLR9 in human nonresponder cells. Transfection of either human or murine TLR9 conferred responsiveness in a CD14-and MD2-independent manner, yet required species-specific CpG-DNA motifs for initiation of the Toll͞IL-1R signal pathway via MyD88. The optimal CpG motif for hTLR9 was GTCGTT, whereas the optimal murine sequence was GACGTT. Overall, these data suggest that hTLR9 conveys CpG-DNA responsiveness to human cells by directly engaging immunostimulating CpG-DNA.
T
he immune system has developed germ-line encoded pattern recognition receptors that promote rapid responses to microbial pathogens. Cueing on conser ved pathogenassociated molecular patterns not present in the host, cells of the innate immune system activate and direct the emanating anti-pathogen response (1) . Toll-like receptors (TLRs) are transmembranal proteins and represent a newly recognized family of vertebrate pattern recognition receptors (2, 3) . Subsequent to pathogen-associated molecular pattern engagement, TLRs initiate signaling via sequential recruitment of MyD88, IRAK and TRAF6, which in turn activate downstream mediators such as NF-B and mitogen-activated protein kinases (4, 5) . TLR2 and TLR4 transduce signal via their Toll͞interleukin-1 receptor domain (TIR) and are the receptors for responses to Gram-positive and Gram-negative bacterial cell wall components (3, 6 -10) .
Similar to lipopolysaccharide (LPS), bacterial DNA induces acute inflammatory responses. Bacterial DNA acts as a pathogen-associated molecular pattern by virtue of a 20-fold greater frequency of unmethylated CG dinucleotides found in microbial DNA versus vertebrate DNA (11) . Synthetic oligodeoxynucleotides (ODN) containing the proper CpG-DNA motif mimic the immunostimulatory effects of bacterial DNA (12) . Cellular activation by CpG-DNA occurs via the IL-1R͞TLR signal transduction pathway because it depends on MyD88 and TRAF-6, implying that the CpG-DNA signaling receptor utilizes a TIR domain (13, 14) . Indeed TLR9-deficient mice express a nonresponsive phenotype to CpG-DNA, which suggests murine TLR9 (mTLR9) is a CpG-DNA receptor (15) . On the other hand, there is also evidence that DNA-PKcs-deficient mice are nonresponsive to CpG-DNA and that the DNA-PKcs sequence specifically recognizes CpG motifs (16) .
In mouse models, the potential of CpG-DNA to serve as a Th1 biasing adjuvant has been well documented (17) (18) (19) . CpG-DNA also activates human cells, like dendritic cells and B cells (20, 21) . Interestingly, the optimal CpG motif for activating human cells appears different from the effective mouse sequence (GTCGTT versus GACGTT) (11, 20, 22) . We show here that expression of human TLR9 (hTLR9) is correlated with CpG-DNA responsiveness in primary human cells and that transfection of either hTLR9 or mTLR9 into nonresponsive cells reconstitutes MyD88-dependent CpG-DNA responses. Transfected hTLR9 and mTLR9 required distinct CpG motifs for signal initiation, implying they directly engage immunostimulatory CpG-DNA in a species-specific manner.
Materials and Methods
Cells and Reagents. Human embryonic kidney 293 cells were from ATCC. Peripheral blood mononuclear cells (PBMC), human B cells, CD123 ϩ dendritic cells (DC), and monocyte-derived dendritic cells (MDDC) were obtained and purified as described elsewhere (20) . Escherichia coli LPS (serotype 0127:B8) was from Sigma, Bafilomycin A1 was from Calbiochem-Novabiochem, and IL-1␣ and TNF-␣ were from PeproTech (Boston). ODN were commercially synthesized by TIB MOLBIOL (Berlin, Germany) in a phosphothioate protected form (see Table 1 for names and sequences). The sequence of Me-CpG-ODN is identical to ODN 2006, but the cytosines at positions 2, 5, 13, and 21 are methylated. The sequence of the blocking ODN used for Fig. 3D was 5Ј-HHHHHHHHHHHHHHWGGGGG (H ϭ A, T, C; W ϭ A, T).
Reverse Transcriptase (RT)-PCR. RNA from 10 6 cells was prepared by using RNAeasy kit from Qiagen (Chatsworth, CA). After DNase I treatment, 1 g of RNA was reverse transcribed with M-MuLV reverse transcriptase from PeqLab, and fragments were amplified with Taq polymerase by using the following primer pairs: hTLR2, 5Ј-TGTGAACCTCCAGGCTCTG and  5Ј-GTCCATAT T TCCCACTCTCAGG; hTLR4, 5Ј-ACA-GAAGCTGGTGGCTGTG and 5Ј-TCTTTAAATGCACCTG-GTTGG; hTLR9, 5Ј-GTGCCCCACTTCTCCATG and 5Ј  GGCACAGTCATGATGTTGTTG; mTLR9, 5Ј-CCGCAA-GACTCTAT T TGTGCTGG and 5Ј-TGTCCCTAGT-CAGGGCTGTACTCAG; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5ЈACGGATTTGGTCGTATTGGGC and 5Ј-TTGACGGTGCCATGGAATTTG. cDNA amounts were normalized based on GAPDH amount determined by TaqMAN-PCR (TaqMan probe, 5Ј-FAM-CCTGGTCAC-CAGGGCTGCTTT-TAMRA; Applied Biosystems). RT-PCR was performed for 30 cycles on normalized cDNA diluted 1:5 for human TLR2, TLR4, TLR9 and murine TLR9 and diluted 1:125 for GAPDH.
Plasmids and cDNAs. Expression plasmids for human CD14 (hCD14), human TLR4 (hTLR4), and dominant negative human MyD88 (hMyD88-C) were kindly provided from Tularik (South San Francisco, CA). Human MD2 (hMD2) expression plasmid and human TLR9 (hTLR9) cDNA were gifts from Kensuke Miyake (Saga Medical School, Japan) and B. Beutler (Scripps Research Institute, La Jolla, CA), respectively. The ORF of hTLR9 was cloned into pcDNA3.1 (Invitrogen). Murine TLR9 (mTLR9) was amplified from a RAW 264.5 macrophage cDNA using the primers 5Ј-GTCAGAGGGAGCCTCGGGAGAATC-CTC and 5Ј-GCAGGCAGAGCAACTCGGGAACCAG and cloned into pcDNA3.1. Sequence information of the 5Ј and 3Ј untranslated regions for primer selection was obtained by race PCR on a spleen marathon cDNA from CLONTECH. The race PCR was performed utilizing sequence information deposited as est-sequence aa162495, which showed homology to hTLR9. (24) . The vectors expressing hTLR9, hTLR4, hMD2, and hCD14 were used at 4 ng per transfection plus noncoding vector DNA to give the final amount of 400 ng. After 18 h, the cells were treated with various stimuli for 48 h, and the supernatant was harvested. Stable clones expressing hTLR9, mTLR9, or TLR9 with a 6-fold NF-B luciferase reporter plasmid were selected with 0.7 mg͞ml G418. For monitoring of NF-B activation or IL-8 production, cells were seeded at 10 4 cells per well and stimulated 16 h later; NF-B activation or IL-8 production was monitored 12 or 48 h after stimulation, respectively. For monitoring NF-B activation, 293 cells were lysed by using reporter lysis buffer (Promega), and lysate was assayed for luciferase activity by using a Berthold luminometer (Wildbad, Germany). Human IL-8 production was monitored by ELISA using matched-pair antibodies and standard IL-8 (BD Transduction Laboratories, San Diego) according to the manufacturer's protocol.
For monitoring the production of human TNF-␣, human IL-8, and human or murine IL-12p40, CD123 ϩ DC, MDCC, PBMC, or murine spleen cells were seeded in 24-well plates in 1 ml at 2 ϫ , and cytokines were measured by ELISA using matched-pair antibodies and standard from BD Transduction Laboratories. Monitoring of B-cell proliferation has been described elsewhere (20) .
Results hTLR9 Expression
Correlates with CpG-DNA Responsiveness. Bacterial DNA is mitogenic for human B cells; however, LPS is not. Fig.  1A demonstrates that human B cells proliferate after stimulation with E. coli DNA or a CpG-ODN but not in response to digested E. coli DNA, control GpC-ODN, or LPS. We also observed that plasmacytoid DC (CD123 ϩ DC) produced IL-8 and TNF (data not shown) in response to CpG-DNA in a CpG motif-restricted manner but not LPS (Fig. 1 A) . In contrast, MDDC demonstrated the converse response pattern ( Fig. 1 A) , a response to LPS but not CpG-DNA. Thus, responses to CpG-DNA or LPS segregated between B cells and CD123 ϩ DC or MDDC, respectively. We therefore tested whether absence of responsiveness 
293 cells stably transfected with a 6-fold NF-B luciferase reporter plasmid and hTLR9 (293-hTLR9-luc) or mTLR9 (293-mTLR9-luc) were stimulated with listed ODN, and NF-B activation was monitored after 12 h (refer to Fig. 4 ) (n ϭ 2, mean Ϯ SD). The concentration for half-mamimal activation (K ac) of human and murine TLR9 was calculated for each ODN. Results are representative of three independent experiments. NP, not performed. correlated to absence of TLR expression. By semiquantitative RT-PCR, both B cells and CD123 ϩ DC yielded positive signals for hTLR9, whereas MDDC, monocytes, and T cells appeared weak to negative (Fig. 1B) . LPS-responsive MDDC and monocytes were positive for both TLR2 and TLR4, whereas B cells, T cells, and CD123 ϩ DC were weak to negative (Fig. 1B) . These data suggest a clear correlation between hTLR9 mRNA expression and responsiveness to CpG-DNA or hTLR2͞hTLR4 expression and LPS responsiveness.
hTLR9 Genetic Complementation Yields CpG-DNA Responsiveness. We next determined whether hTLR9 genetic complementation confers CpG-DNA responsiveness to nonresponder cells. hTLR9-transfected 293 cells were responsive to CpG-ODN but not the control GpC-ODN, whereas hTLR4-transfected cells gained responsiveness to LPS (Fig. 2 A and B) . These data demonstrate the CpG-DNA specificity of the hTLR9-dependent response and noncrossreactivity between hTLR9 or hTLR4 and their respective ligands. Because CpG-DNA and LPS responsiveness segregated with TLR genetic complementation and because LPS responses are dependent on the coexpression of MD2 and CD14 (7, 25, 26) , we asked whether hTLR9 shared CD14 or MD2 dependency. Cotransfection of TLR9 with either human MD2 or CD14, however, had little consequence on IL-8 production or NF-B activation (Fig. 2C and data not shown) . In contrast, hTLR4 cotransfection with MD2 alone dramatically improved LPS responsiveness, whereas the addition of CD14 was potentiating, especially at lower LPS concentrations. We concluded that unlike TLR4 responses to LPS, hTLR9 responses to CpG-DNA were independent of both MD2 and CD14.
Genetic Complementation of 293 Cells with hTLR9 Recapitulates
CpG-DNA Mechanisms of Action. We next established stable human TLR9 positive clones plus or minus an NF-B luciferase reporter, 293-hTLR9 or 293-hTLR9-luc, respectively (see Materials and Methods). These cells showed reactivity to CpG-DNA and not LPS in a CpG motif-dependent manner as the methylation of CpG-DNA or inversion of the CpG ablated responsiveness (Fig. 3A) . The 293-hTLR9-luc cells were also dosedependently responsive to bacterial DNA and mute toward Dnase I-digested DNA (Fig. 3B) . Similar data were obtained through monitoring IL-8 production and were reproducible with phosphodiester-linked ODN (data not shown). We also tested whether DNA uptake and endosomal maturation were required for signal initiation by CpG-DNA, as has been reported for wild-type cells (27) . Interrupting endosomal maturation with Bafilomycin A (28) fully blocked CpG-ODN-mediated induction of NF-B (Fig. 3C) . The blockade was specific to CpG-DNA, as both IL-1 and TNF induction of NF-B were unaffected. We have previously postulated that a receptor not dependent on a CpG motif translocates DNA into the endosomal͞lysosomal compartment because nonactivating ODN block the cellular uptake of immunostimulatory CpG-ODN (27) . Fig. 3D demonstrates that 293-hTLR9-luc cells were sensitive to blockade with a non-CpG-ODN. Based on these criteria, we concluded that 293 cells complemented with hTLR9 behave similar to CpG-DNA responsive wild-type cells.
In the mouse, CpG-DNA signaling has been shown to occur via the Toll͞IL-1R signal pathway requiring sequential recruitment of MyD88, IRAK, and TRAF-6 (13, 14) . We tested whether hTLR9 was MyD88 dependent. Fig. 3E shows that dominant negative MyD88 dose dependently blocked CpG-DNA driven NF-B induction but not TNF-induced signal transduction in 293-hTLR9 cells. These data established a central role for MyD88 in CpG-DNA signaling and thus implied engagement of the Toll͞IL-1R signal transduction pathway in human cells responsive to CpG-DNA.
TLR9 Confers Species-Specific CpG Motif
Signaling. Human primary cells have been shown to respond to the CpG motif GTCGTT, whereas primary murine cells respond best to GACGTT (11, 20, 22) . As shown in Fig. 4A , titration of the optimal human ODN-2006 on human PBMC dose dependently induced IL-12, whereas the optimal murine ODN-1668 was poor. In contrast, murine splenocytes responded best to ODN-1668 and to a lesser extent toward ODN-2006 (Fig. 4B) . Assuming that the ODN concentration yielding half-maximal cytokine production reflects receptor affinity, the affinity of murine splenocytes for ODN-1668 was apparently greater than that of human PBMC for ODN-2006 (compare Fig. 4 A and B) . To analyze whether TLR9 detected species-specific CpG-DNA motifs, we also established murine TLR9 clones (293-mTLR9), confirming TLR9 mRNA expression by RT-PCR (Fig.   4E ). Fig. 4C shows the dose-dependent induction of NF-B driven luciferase by the human ODN-2006 or the murine ODN-1668 in either 293-hTLR9-luc or 293-mTLR9-luc cells, whereas Fig. 4D depicts the respective IL-8 responses. Strikingly, CpG motif sequence specificity was granted in a species-specific manner by TLR9. In addition, the half-maximal concentration for either ODN-2006 or ODN-1668 appeared nearly identical to that determined by IL-12 release from primary cells (compare Fig. 4 A or B with C and D) . These data suggested that TLR9 confers species-specific CpG motif responsiveness, implying that TLR9 acts as the CpG-DNA receptor. TLR9 Determines CpG-ODN Affinity. If indeed TLR9 acts as the CpG-DNA receptor, TLR9 ought to determine CpG-ODN affinity. Because all measurements of species specificity had been performed by using two dissimilar sequences, human ODN-2006 or murine ODN-1668 (22), we produced several sequences attempting a stepwise progression from the mouse sequence to the human sequence. The ODN-5002 is like ODN-1668 with the exception that Cs at positions 12 and 19 have been converted to Ts (Table 1 ). The last 16 nucleotides of ODN-5007 are the same as the last 15 nucleotides of ODN-2006 with the exception of an additional T (Table 1) . Similar to ODN titrations in Fig. 4 , we titrated these ODN versus either 293-hTLR9-luc or 293-mTLR9-luc cells to determine whether species specificity was preserved and to establish ODN concentration of halfmaximal activation (K ac ) ( Table 1 ). The K ac displayed by the 293-hTLR9-luc clone strengthened with progressive nucleotide substitutions converting the mouse sequence toward the human sequence ( Table 1 , progression from 5000 to 5007). The reverse was true for the 293-mTLR9-luc clone, which showed a weakened K ac throughout the same progression. These results confirmed the notion that the preferred mouse motif contains ACG, whereas the human sequence is TCG. Of additional interest, we have observed that a CA substitution converting the mouse CpG motif from GACGTTC to GACGTCA was deleterious (data not shown). To extend our examination of the motif, we created three more ODN and measured K ac (5008-5010, Table 1 ). The change from CGTT to CGTC ablated 293-mTLR9-luc cell responsiveness. Overall, these data strongly suggest direct CpG motif engagement by TLR9.
Discussion
Activation of murine innate immune cells by CpG-DNA occurs via the Toll͞IL-1R signal pathway, suggesting that the CpG-DNA receptor utilizes a TIR domain for the sequential recruitment of MyD88 and TRAF-6 (13, 14) . Supporting this concept, TLR9-deficient mice express a nonresponsive phenotype toward CpG-DNA, implying TLR9 as a major component of the CpG-DNA receptor (15) . This conclusion, however, has been subsequently challenged by the observation that DNA-PKcs deficient mice are also nonresponsive to CpG-DNA (16) .
Based on the data presented here, it would seem clear that immunostimulatory CpG-DNA is engaged by TLR9. First, the distribution of hTLR9 in primary human cells correlated with CpG-DNA responsiveness (Fig. 1) . Second, genetic complementation of CpG-DNA nonresponder cells with either hTLR9 or mTLR9 yielded a gain of function phenotype (Figs. 2-4) . Last, both hTLR9 and mTLR9 appear to directly interact with CpG-DNA, as not only CpG restriction but also dose-dependent CpG motif species specificity was conferred through TLR9 (Fig. 4 and Table 1 ). Combined with the observations made in TLR9-deficient mice, these data clearly demonstrate TLR9 as necessary and sufficient for CpG-DNA driven responses. Because DNA-PKcs is ubiquitously expressed (29) , one may assume TLR9 Ϫ/Ϫ mice and 293 cells are positive for DNA-PKcs; yet, both were nonresponsive to CpG-DNA. Even though DNAPKcs Ϫ/Ϫ mice showed a partial loss of CpG-DNA responder phenotype (16, 30) , our genetic complementation data suggest that DNA-PKcs may be necessary for signaling but not sufficient. In support, mice deficient for CpG-DNA receptor signaling mediators, such as MyD88 Ϫ/Ϫ mice, displayed a nonresponder phenotype (13, 31, 32) . Loss of any downstream mediator would interrupt signaling, yet alone it could not restore function to a receptor-deficient system. The notion of DNA-PKcs as a candidate CpG-DNA receptor also conflicts with the finding that SCID mice, because of a mutation-induced truncation (33, 34) , are deficient in DNA-PKcs yet respond in vivo to CpG-DNA with the release of serum cytokines and succumb to TNF-driven toxic shock (35, 36) . Serum cytokine release and toxic shock after in vivo CpG-DNA challenge were absent in TLR9 Ϫ/Ϫ mice (15) . Whether DNA-PKcs is auxiliary to TLR9 in CpG-DNA signaling or part of an ill-defined signaling pathway is yet unanswered.
We observed in human immune cells a correlation between hTLR9 or hTLR2͞hTLR4 expression and CpG-DNA or LPS sensitivity, respectively. For example, primary human plasmacytoid DCs and B cells expressed hTLR9 but minimal hTLR2͞ hTLR4 and were responsive to CpG-DNA but not to LPS. On the other hand, MDDCs showed converse TLR expression and pattern of responsiveness (Fig. 1) . TLR2 and TLR4 mRNA expression in monocytes and MDDC but not B cells has been described (37) (38) (39) . TLR1-5 were shown to be differentially expressed on various immune cells, whereas monocytes and immature MDDC differentially regulated TLR1-6 upon stimulation (37) (38) (39) . It is thus tempting to speculate that the immune system can integrate infectious signals via TLR by virtue of receptor density and͞or cellular distribution and thus tailor the emanating adaptive immune responses.
CpG-DNA nonresponsive 293 cells recapitulated upon TLR9 genetic complementation the bacterial DNA and CpG-DNA response phenotype previously established for primary DCs and macrophages (12) . On stimulation with CpG-DNA, these cells activated NF-B and produced the cytokine IL-8 (Figs. 2-4) . Furthermore, CpG-DNA initiated signaling was ablated through blockade of cellular uptake by non-CpG-ODN or by Bafilomycin A, which blocks endosomal maturation ( Fig. 3 C and D) (28) . Finally, hTLR9 initiated signaling flows into the Toll͞IL-1R signal pathway, as it depends on MyD88 (Fig. 3E) . Similar data were obtained by hTLR9 complementation of the CpG-DNA nonresponsive human HL-60 cells (data not shown). Overall, these data suggested that hTLR9 grants ''gain of function'' to CpG-DNA with fidelity previously established for primary CpG-DNA responsive immune cells.
Signaling by hTLR9-reconstituted 293 cells was independent of the coreceptors MD2 and CD14 (Fig. 2) , a characteristic that separates TLR9 from TLR4 (7, 25) and TLR2 (26) . Expression of both MD2 and CD14 is regulated, which influences cellular responsiveness to bacterial substances. It is thus curious that TLR9 does not require either of these helper components. One explanation may be differences in the ligand character. For example, the well characterized ligands for TLR2 or TLR4 are hydrophobic in nature, forming micellular structures, whereas CpG-DNA is hydrophilic and fully water-soluble. Whether TLR9 is assisted by a modulated coreceptor is not clear; however, TLR9 alone was sufficient to reconstitute CpG-DNA responses in 293 cells.
The human optimal CpG motif GTCGTT differs from the optimal murine CpG motif GACGTT (11, 20, 22, 40) . Because the genetic complementation system allowed the use of either human or murine TLR9, we were in the position to analyze whether TLR9 confers species-specific CpG motif signaling. Unambiguously, hTLR9 recognized the human CpG motif most efficiently, whereas mTLR9 had a high preference for the murine CpG motif (Fig. 4) . This suggested direct interactions of the TLR9 receptor with its CpG-DNA ligand. In support, CpG-ODN point mutated in a manner that the individual ODN progressed from a murine to human CpG motif displayed inverse K ac toward hTLR9 and mTLR9, respectively (Table 1) . Additionally, the extracellular region of TLR9 contains a DNAbinding motif described to occur in a family of methylated CpG-DNA binding proteins, MBD-1-4 (41, 42) . Point mutations of this motif in TLR9 destroyed CpG-DNA driven responses (S.B. and G.B.L., unpublished data). Taken together, these data strongly implicate TLR9 as the receptor for CpG-DNA by directly engaging its ligand. Genetic complementation has also revealed direct interaction of TLR4 and LPS (43) . In contrast to Drosophila where infection activates a proteolytic cascade producing an endogenous ligand (spaetzle) that engages Toll (44) , in mammals the Toll receptors seem to directly interact with their respective microbial ligands. The TLR9 complementation system described here may be useful to optimize species-specific immunostimulatory CpG motifs because we show that TLR9 prefers a mouse motif containing ACG, whereas hTLR9 prefers the sequence TCG. In addition, the conserved pyrimidine for pyrimidine change T to C in the mouse motif, ACGTT versus ACGTC (Table 1 , ODN 5002 versus 5009), completely destroyed recognition by mTLR9. We therefore propose that the TLR9 genetic complementation system will allow definition of species-specific CpG motifs useful as vaccine adjuvants not only in man but also in diverse animal species.
